The crystal structure of calmodulin (Mr 16,700,148 residues) from Drosophila melanogaster as expressed in a bac$erial system has been determined and refined at 2.2-A resolution. Starting with the structure of mammalian calmodulin, we produced an extensively refitted and refined model with a conventional crystallographic R value of 0.197 for t4e 5 Calmodulin is the principal calcium-dependent regulator of a variety of intracellular processes (1-3). The small, highly acidic protein (148 residues, M, of 16,700) has four Ca2+ sites, is ubiquitous in eukaryotes, and is h;:hly conserved throughout the animal kingdom. The crystal structure of Ca2'-satu: rated mammalian calmodulin has been determined to 2.2-A resolution with an R value of 0.175 (4, 5). In this form the protein consists of two globular calcium-binding domains connected by a long, 28-residue central helix. The Ca2+-binding sites of calmodulin have the "EF hand" configuration first identified in parvalbumin (6) and subsequently observed in the crystal structures of intestinal calcium-binding protein (7) and troponin C (8,9).
The crystal structure of calmodulin (Mr 16,700,148 residues) from Drosophila melanogaster as expressed in a bac$erial system has been determined and refined at 2.2-A resolution. Starting with the structure of mammalian calmodulin, we produced an extensively refitted and refined model with a conventional crystallographic R value of 0.197 for t4e 5,239 reflections (F 2 2a(F)) within the 10.0-2.2-A resolution range.
The model includes 1, 164 protein atoms, 4 calcium ions, and 78 water molecules and has root mFan square deviations from stapdard values of 0.018 A for bond lengths and 0.043 A for angle distances. The overall structure is similar to mammalian calmodulin, with a seven-turn central helix connecting the two calciumbinding domains. The "dumb-bell" shaped molecule contains seven a-helices and four "EF hand" calciumbinding sites. Although the amino acid sequences of mammalian and Drosophila calmodulins differ by only three conservative amino acid changes, the refined model reveals a number of significant differences between the two structures. Superimposition of the stpctures yields a root mean square deviation of 1.22 A for the 1,120 equivalent atoms. The calcium-binding domains have a root mean square deviation of 0.85 A for the 353 equivalent atoms. There are also differences in the amino terminus, the bend of the central a-helix, and the orientations of some of the side chains.
Calmodulin is the principal calcium-dependent regulator of a variety of intracellular processes (1-3). The small, highly acidic protein (148 residues, M, of 16,700) has four Ca2+ sites, is ubiquitous in eukaryotes, and is h;:hly conserved throughout the animal kingdom. The crystal structure of Ca2'-satu: rated mammalian calmodulin has been determined to 2.2-A resolution with an R value of 0.175 (4, 5). In this form the protein consists of two globular calcium-binding domains connected by a long, 28-residue central helix. The Ca2+-binding sites of calmodulin have the "EF hand" configuration first identified in parvalbumin (6) and subsequently observed in the crystal structures of intestinal calcium-binding protein (7) and troponin C (8,9).
We are using Drosophila melanogaster calmodulin, expressed from bacteria (lo), in site-directed mutagenesis stud- While both proteins have the same crystal form, the conditions we used to crystallize the Drosophila calmodulin (14) differ from those of the mammalian study (15). We attempted to remove any effects the use of ethanol and a more acidic precipitation mixture could h y e on the structure interpretation. We report here the 2.2-A resolution structure of bacterially expressed Drosophila calmodulin and compare it with the published structure of the mammalian protein.
EXPERIMENTAL PROCEDURES
Crystallization and Data Collection-Calmodulin from D. melanogaster was purified by affinity chromatography' using a modification of the procedure of Putkey et al. (17) . The protein was obtained in a 1 mg/ml solution containing 50 mM Tris (pH 7.5), 1 mM EDTA, and 2.5 mM calcium chloride. The calmodulin was concentrated and placed in an unbuffered 5 mM CaClz solution by use of an Amicon Centricon concentrator. The calmodulin appeared as a single band on both native and sodium dodecyl sulfate gels.
Crystals were prepared by the method of Barford et al. (14) . Initial seeding crystals were obtained in 3-4 days by the hanging drop vapor diffusion method in a Linbro tissue culture plate at 18 "C. The well contained 1.0 ml of 50% (v/v) 2-methyl-2,4-pentanediol, 15% (v/v) ethanol, 5 mM calcium chloride, and 20 mM sodium acetate, pH 4.0. The hanging drop contained a mixture of 10.0 pl of a 5.3 mg/ml unbuffered protein solution and 10.0 p1 of the well solution. Obtaining single large crystals suitable for x-ray studies required macroseeding. Seed crystals were placed in the hanging drops containing a smaller amount of ethanol. Crystals grew in about 5 days to dimensions of approximately 1.2 X 0.2 X 0.1 mm.
Before data were collected, the crystals were transferred in three steps, with progressively less ethanol, to an ethanol-free solution containing 70% (v/v) 2-methyl-2,4-pentanediol, 5 mM calcium chloride, and 20 mM sodium acetate, pH 4.0. The crystals had the symmetry Of the space group P1, with the average unit cell dimensions a = 29.57 A, b = 53.92 A, c = 24.78 A, a = 93.24", / 3 = 97.08", and y = 88.86" with one molecule in the unit cell (V, = 2.34 A3/dalton).
Crystals were mounted in thin-wall glass capillaries. X-ray intensities were measured on a Rigaku AFC5 automated diffractometer, with a Rigaku RU200 rotating anode source, using CuKa radiation at 18 'C. Diffraction intensities were measured using a limited range w-scan of nine steps over-0.3". Six data sets from five crystals were collected in the 20.0-2.2-A resolution range.
A set of programs developed by W. A. Hendrickson based on the method of Hanson et al. (18) was used to reduce the diffractometer data. The relative intensity of each reflection was determined on the basis of a Gaussian profile. Crystal deterioration was monitored by a set of 4 reflections measured every 100 reflections. We terminated J. Maune, C. B. Klee, and K. Beckingham, submitted for publication. data collection when any monitor reflection had decreased by 30%. The average value of the monitor reflections at each time was used to fit a linear time-dependent decay correction. An absorption correction was applied on the basis of North et al. (19) with the transmission curve smoothed by a Fourier transform process. We used the program PROTEIN (20) to merge the individual data sets. The final merged data set, containing 6,831 unique reflections, represents 81.7% of the theoretically observable reflections to 2.2-A resolution ( Table   I) .
Refinement Procedure-We used the atomic coordinates of the 2.2-A model of mammalian calmodulin (5) IFoI is the observed Drosophila structure factor amplitude and IFJ is calculated structure factor amplitude from the mammalian calmodulin coordinates). We modified the mammalian calmodulin coordinates by making the amino acid changes at the three nonconserved residues (Tyrg9 + Phe, Gln143 + Thr, and Ala14' + Ser), adding the terminal residues which were missing in the mammalian coordinate set and removing the water molecules. Moreover, AsnlZ9 of the Drosophila coordinate was changed to an aspartic acid residue in order to be consistent with the revised sequence of the mammalian calmodulin (22) and its hydrogen-bonding interaction in the structure (23). We refined the model using alternating cycles of manual fitting and automated refinement. After each step, we calculated electron density maps with both (2 IFo[ -IFJ, ac) and (IF,] -IFcI, ac) coefficients and examined the atomic model on an Evans and Sutherland PS390 or Silicon Graphics 4D/25TG workstation using the program CHAIN (24). The model was corrected where necessary. Ordered solvent molecules, modeled as oxygen atoms, were incorpoaated into the model if they formed hydrogen bonds of less than 3.2 A with the protein or other solvent molecules and if they showed density in both the 2 IFoI -IFc[ and the IF,[ -IFcI maps. In later cycles, if the thermal parameter of a solvent atom exceeded 50.0 A' it was removed from the model.
The structure was first refined by a single cycle of simulated annealing using the program X-PLOR (25). All data (6,831 reflections) from 10.0-to 2.2-A3 resolution were used. The annealing was done from 4000 to 300 K in 25" steps with a time step of 0.5 fs.
We assigned the atoms an overall isotropic B parameter of 15.0 A' . This procedure gave an R value of 0.354. The model was subjected to three additional conjugate gradient refinement cycles using the X-PLOR program but without any simulated annealing, similar to the refinement method of Jack and Levitt (26) . This segment of the refinelgent, using 200 integration steps and an overall B parameter of 15 A' lowered the R value to 0.263.
A stereochemically restrained least squares procedure was then used to refine the coordinates in five steps. The refinement was [A is the mean intensity for this reflection. For R, , , the summations are over equivalent reflections within the same diffractometer data set; for Rmerp, the summations are over all data derived from several sources; for RSc,,le, the summations are over all data derived from at least two sources. The number of reflections used in each calculation is in parentheses.
' Of the 10,617 reflections, 1,812 reflections were rejected due to poor merging statistics, and the remaining reflections were merged into 6,831 unique reflections. The final R,,,, = 6.80%. For the analysis, only the 5,239
reflections F > 2o(F) were used.
TABLE I1 Summary of the restrained least squares refinement
The parameters are as defined by Hendrickson (27) . The target sigmas associated with each parameter are the input estimates of the standard deviations and are proportional to the inverse square root of the weights of the corresponding restraints. The refinement was done using all data F > 2(F) between 10.0 and 2.2 A. The final R factor = CIIFoI -IFcII/CIFcI = 0.197. A total of 1,246 non-hydrogen atoms (1,164 protein atoms, 4 calcium atoms, and 78 waters) was used in the refinement. In the final refinement, the structure factors were weighted in the form u = 11-50 (sinO/X -1/6), which is onehalf the model weighting parameters. r.m.s., root mean square. carried out using the Hendrickson-Konnert program PROLSQ (27) as modified to take advantage of the fast Fourier algorithm (28), to include symmetry related contacts (29), and to correct for the overall anisotropy of the diffraction data (30). Only those reflections with F > 2a(F) were retained in subsequent refinement steps. Individual thermal parameters were assigned to each atom, and at each stage of the refinement the weights on the parameters were held constant, except for the structure factor weights which were corrected to onehalf the fitted curve. In the initial refinement cycles, the positions of the calcium atoms were loosely restrained to the seven coordinating oxygens. In later cycles, however, these restraints were removed. The final refinement parameters are listed in Table 11 .
Examination of the Structure-After completion of the refinement, the atomic model was examined on the computer graphics display. The placement of a number of residues where the electron density was weak or the atoms had high B displacement factors was confirmed by the use of difference maps. Fourier syntheses were calculated where the atoms in question were omitted. The positioning of the amino-terminal residues was confirmed. The coordinates have been Residue number (n) deposited in the Protein Data Bank (21).
RESULTS AND DISCUSSION
The structure of the calcium regulatory protein calmodulin from D. melanogaster, expressed in Escherichia coli, has been determined to 2.2-A resolution. This determination confirms the principal structural features established in the mammalian calmodulin crystal structure. However, the Drosophila structure also shows several differences important in studies of the effects of mutants on the structure of this protein.
Quality of the Structure-The final refined model of Drosophila calmodulin includes all 148 residues (1,164 atoms), four Ca'+ ions, and 78 water molecules. This model, after a total of 127 manual and automated refinement steps, has an (Table 11 ) and the main chain torsion angles were well within the normal range for proteins at this resolution. By the method of Luzzati (31) , the root mean squared error in the atomic coordinates, I Arl , was estimated to be approximately 0.20 A.
Although the atomic model of Drosophila calmodulin is only at moderate resolution, it is clear enough to show any significant differences with the mammalian structure. The average isotropic displacement parameter is 13.93 A' for the main chain atoms and 14.49 A' for the side chain atoms. The regions where the average thermal parameters are above 25 b;' occur at the amino terminus and at residues 40-41,74-76, 94-99, 131, 134, and 146 (Fig. 1) . All of these residues occur on the exterior of the molecule.
Overall Features and Secondary Structure-Drosophila calmodulin is similar to the previously reported mammalian form of the protein (5). It is dumb-bell-shaped molecule, approximately 65 X 30 X 30 A (Fig. 2) . It has an unusually high ahelical content (63%) and includes a 28-residue central helix (residues 65-92) connecting the two calcium-binding domains. Each of the four calcium-binding sites is in the EF hand conformation (32) There has been much discussion about the regularity and flexibility of the long central helix (34). In the Drosophila calmodulin structure, the central helix contains two small "kinks" at residues Lys-75 and Ile-85, where the distances are such as to prevent the formation of the normal a-helix hydrogen bonds. The kinks result in a helical curvature with an apparent radius of 32 A. However, the helix has relatively low thermal factors (Fig. 1) . In the crystal packing, the central helix is involved in a side-to-side contact with the terminal domain regions. This molecular packing of the individual calmodulin molecules would tend to stabilize the central helix, preventing any kinking or bending that might occur in solution. There are six other series of contacts between molecules, but these do not interact with the central helix.
Structure of the Calcium-binding Loops-As in parvalbumin (6) and troponin C (8, 9), each calcium-binding domain is formed by a pair of EF hand calcium-binding sites. Each of these sites consists of a 10-residue helix, followed by a 12-residue calcium-binding loop and another 10-residue helix.
The structure of the calcium-binding sites has been recently reviewed (35) . Each of the four calcium binding sites (Fig. 3) has the expected bonds to the Caz+ ions (Table 111 ) and similar main chain torsion angles (+#) as found in other EF hand structures (Table IV) . In each case, the coordination with the calcium ion comes from five side chain oxygens, a carboxyl oxygen, and one water molecule. The bonding distances Tange from 1.62 to 3.67 A with an average of 2.24 A (u = 0.37
A).
The EF hand residues are further stabilized by a series of @-strand pairs between adjacent loops. In the N-domain, residues Ile-27 and Ile-63 form a @-sheet bonding pattern. In the C-domain, residues Ile-100 and Val-136 form the @-strand pair.
Comparison with the Mammalian Calmodulin StructurePerhaps the most surprising result of the analysis of the structure of Drosophila calmodulin comes from the comparison with the previously reported structure of mammalian calmodulin (5). In that structural analysis, the first 4 residues of the amino terminus and the last residue of the carboxyl The root mean square deviations are with respect to the average angles as defined by Strynadka and James (35).
FIG. 4. Comparison of NH2 termini. Superimposition of the D.
melanogaster calmodulin structure (thick lines) on that of the 2.2-A structure of mammalian calmodulin (Babu et al. (5) ) (thin lines) near the NH2 terminus.
terminus were not visible in the electron density map. In the present analysis, it has been possible to place these residues in the electron density.
At the amino terminus there is clear, continuous density for the entire Drosophila calmodulin model. What had been considered electron density for the side chain for Thr' in the mammalian model is actually part of the main chain (Fig. 4) . Thus, we located the side chain of Thr' in an entirely different position. The NH2-terminal residues curve up towards the second calcium-bin$ing site, with Asp2 making a contact with Leu6' ( d = 2.95 A). The NH2-terminal residues are also involved in an intermolecular crystal contact. The thermal parameters of these residues are relatively high (average of 28.8 k). Thus the positions of the NH2-terminal residues should be considered less reliable than those of residues in the rest of the structure.
At the carboxyl-terminal end, we were able to place residue L~S '~~ in the electron density. The last 3 residues of the protein form a loop, beginning at residue Thr'46 through to the COOH terminus. This loop is in contrast with the a-helix seen in the mammalian model. In the Drosophila model, there is a hydrogen bond from the y-oxygen of Ser'47 to the carboxyl oxygen of Thr'43.
The rest of the main chain residues are essentially similar in the two structures, with a root mean square difference for the 572 equivalent main chain atoms of 0.709 A (Table V) .
However, there are significant differences in three regions pf the main chain. Two of the?e are at residue 46 (d = 1.40 A) and residue 112 (d = 1.89 A) (Fig. 5) , which are on loops at the extreme ends of the molecule and are involved in extensive intermolecular contacts with each other (Fig. 6) . The third difference is at residue 80, which is in the middle of the central helix. The mammalian model has a single kink near Aspso and is missing only one hydrogen bond of the a-helix.
However, the resulting radius of curvature (27 A) is similar to our "double kinked" model, and the two domains are in similar orientations in both the mammalian and Drosophila structures.
With regard to side chain differences the most notable is at residue Thr5 as described above. Other differences are seen at residues L y 8 , Leu", L Y S~~, and Met'45. All these residues are on the surface of the molecule where the side chain density is weakly defined, indicating possible alternate conformations.
At the calcium-binding sites, the largest difference is in the placement of the calcium ions themselves. The electron density of the calciums is quite broadly defined, and thus a small displacement of a calcium in the refinement procedure can yield significant changes in the placement of the liganding side chains. The calcium binding coordination distances are similar, however, in the two structures.
Implications for Mutation Studies-We now have available a high quality model of bacterially expressed calmodulin. The x-ray data were obtained from crystals which are easily and reproducibly grown, thereby making an excellent system for correlating the biochemical effects of calmodulin mutations with structural changes in the molecule.
Each of the domains contains a patch of buried hydrophobic residues. These consist of residues Phelg and IleZ7 in the Ndomain and Phe72 and Ile75 in the C-domain. One hypothesis is that Ca2+ binding to calmodulin exposes these hydrophobic patches, which are then involved in binding to target enzymes (36, 37). It has also been proposed that the central helix acts as a "flexible tether" which allows for the concerted action of the two domains (34). We are attempting to determine the structure of calmodulin mutants with selected replacements in the calcium binding loops.' Most of these mutants prevent calcium binding at the altered site. Their structures could, therefore, provide a picture of calmodulin in the absence of calcium and provide evidence for the roles of each residue in proposed signaling pathways.
